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BACKGROUND



History of the atom model
• 1803, Dalton atom model: indivisible balls of different types

• 1897, Thomson’s discovery of the electron
⇒ 1904, (Kelvin &) Thomson’s “plum pudding” model:

• 1904, Nagaoka’s “Saturn” model: nucleus with ring

• 1909-1913, Geiger–Marsden experiments
⇒ 1911, Rutherford’s “nuclear” model: nucleus with satelites

• 1913, Bohr’s “planetary” model with discrete and stable orbits

• 1919, Rutherford showed H+ (proton) is present in other nuclei

• 1926, Schrödinger’s quantum mechanical wave equation

• 1932, Chadwick’s discovery of the neutron

• 1964, Gell-Mann-Zweig’s quark model
1968, SLAC deep inelastic scattering
⇒ 1969, Feynman’s parton model: quarks, gluons with pdf’s

13/07/2017 Universität Zürich, Physik-Institut, Izaak Neutelings 3





METAL FOIL EXPERIMENTS
1909-1910



Build up to the Rutherford model
• 1899, Rutherford discovered alpha particles

– radiated from radium, uranium samples
– scintillates on fluorescent screen (e.g. phosphorescent zinc-sulphide)

⇒ count flashes by eye with microscope in a dark room
– ionizes air

⇒ apply electric field to create electric pulse (Townsend discharge)
⇒ early version Geiger alpha particle counter (1908)

• measure 𝛼’s charge-to-mass ratio q/m to confirm whether it is He2+ with +2e
– measure number of 𝛼’s with Geiger’s counter to cross-check scintillation method
⇒ noticed unreliable ionization measurements:

large deflections due to scattering in air !
⇒ Rutherford asked Geiger to study 𝛼 scattering in metal

Geiger’s 1908 counter
• two electrodes in a glass tube
• can only measure small deflections

wire → electrometer
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1908 Geiger experiment: deflection by scattering ?
1. wihout air (pumped out) ⇒ neat patch of light on screen
2. with air ⇒ more diffuse image
3. with metal foil in AA ⇒ even more spread out

⇒ matter, as well air, can scatter alpha particles !

BUT: only small angles of deflections can be measured

• radium source (R)
• slit (S) of 0.9 mm
• slot (AA) for metal foil
• phosphorescent screen (Z)
• microscope (M)

Metal foil experiment (1908)
“radium emanation”: radon gas
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• radium source in glass tube (AB), or (A) naked
• metal foil, or “reflector” (R)
• phosphorescent screen (S)
• lead plate (P) protecting (S) from source
• microscope (M)

1909 Geiger-Marsden experiment: large angles ?
1. pointing away tube (AB) ⇒ still backscattering from air molecules
2. pointing tube (AB) at foil (R) ⇒ increase in backscattered 𝛼’s
3. different metal foils (Al, Au, …) ⇒ higher atomic mass reflects more 𝛼’s

⇒ significantly large angles of scattering of 𝛼’s through matter !

BUT: could not accurately measure number of 𝛼’s to get angular
distrubution

Metal foil experiment (1909)

M
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• pressure pump with mercury
• radon gas source in bulb (B) 
• narrow circular opening (D), < 1 mm
⇒ narrow beam

• slots at (D), (E) for metal foil
• phosphorescent screen (S)
• microscope with vertical millimeter scale
⇒ measure angles precicely

1910 Geiger experiment: most probable deflection angle ?
1. increase thickness ⇒ most probable deflection angle increases
2. increase atomic mass ⇒ most probable deflection angle ∝ atomic mass
3. increase velocity ⇒ most probable deflection angle decreases
4. measure backscattering ⇒ very small (1/20,000 for a gold foil)

⇒ Rutherford’s idea of a central, positive charge in the atom

Metal foil experiment (1910)
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Metal foil experiment (1910): results
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“It was quite the most incredible event that has ever
happened to me in my life. It was almost as incredible
as if you fired a 15-inch shell at a piece of tissue
paper and it came back and hit you. On consideration,
I realized that this scattering backward must be the result
of a single collision, and when I made calculations I
saw that it was impossible to get anything of that
order of magnitude unless you took a system in
which the greater part of the mass of the atom was
concentrated in a minute nucleus. It was then that I
had the idea of an atom with a minute massive centre,
carrying a charge.”

E. Rutherford & J.A. Ratcliffe (1938). Forty Years of Physics. 
11





RUTHERFORD MODEL



Rutherford’s 1911 paper
• puts forward new atom model with central charge

• compares to Thomson model

• calculates deflection angle in collision

• calculates change in velocity in collision
• compares one large deflection vs. multiple small angle 

scatterings (“compound scattering”)

• compares his theory with previous experimental results
a) large (“diffuse”) scatter angles of 𝛼’s
b) most probable deflection angle ∝ atomic mass
c) average scatter angles
d) 𝛽 scattering (Crowther)
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• consider atom of radius R ~ 10-10 m with
– central +Ze charge
– in a sphere of uniform –Ze charge

→ shown later: “corpuscular” electrons will not change result

• electric field and potential inside this atom from a distance r from the center:

𝐸 = +𝑍𝑒
1
𝑟!
− 𝑍𝑒

𝑟
𝑅"
, 𝑈 = +𝑍𝑒

1
𝑟
−
3
2𝑅

+
3
2𝑅"

• consider particle with charge q is shot directly at center N with velocity v
⇒ it will come to rest at a distance d* << R:

1
2
𝑚𝑣! = +𝑞𝑍𝑒

1
𝑑∗
−
3
2𝑅

+
𝑑∗!

2𝑅#
≈
𝑞𝑍𝑒
𝑑∗

⇒ 𝑑∗ ≈
2𝑞𝑍𝑒
𝑚𝑣!

≈

Rutherford scattering (1): simplified model
�Ze

+Ze +Ze
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Rutherford scattering (2): angle of deviation

• consider particle scattered of central charge with
impact parameter b
⇒ hyperbolic orbit with central charge in external focus

• conservation of angular momentum & energy:

𝑏𝑣$ = NA 𝑣∗,
𝑚𝑣$!

2
=
𝑚𝑣∗!

2
−
𝑞𝑍𝑒
NA

⇒ 𝑣∗! = 𝑣$! 1 −
𝑑∗

NA
⇒ 𝑏! = NA NA − 𝑑∗

• using hyperbola’s properties:

NA = NO + OA = 𝑏 cot ⁄𝜃 2

⇒ 𝑑∗ = 2𝑏 cot 𝜃

• angle of deviation 𝝓 = 𝜋 − 2𝜃 becomes

cot ⁄𝜙 2 =
2𝑏
𝑑∗

𝑑∗ =
2𝑞𝑍𝑒
𝑚𝑣"

⇒ eccentricity 𝑒 ≡
𝑐
𝑎 =

1
cos 𝜃

13/07/2017 Universität Zürich, Physik-Institut, Izaak Neutelings 16

a = |OA| = c cot ✓

b
c = |NO| = b

sin ✓

A
O

N

✓



Rutherford scattering (3): transversing a thin foil

• consider particle transversing a thin foil of matter with a thickness t and n atoms per unit volume

⇒ number of collisions with atoms of radius R:
𝜋𝑅!𝑛𝑡

⇒ probability m of entering atom with an impact parameter b:
𝑚 = 𝜋𝑏!𝑛𝑡

⇒ probability dm of entering atom with an impact parameter between b and b+db:
d𝑚 = 2𝜋𝑛𝑡bdb

or fraction dm of particles deflected between 𝜙 and 𝜙 + d𝜙:

d𝑚 =
𝜋
4
𝑛𝑡𝑑∗! cot( ⁄𝜙 2) csc! ⁄𝜙 2 d𝜙

⇒ .
𝜌 = #

$
𝑛𝑡𝑑∗" cot" ⁄𝜙 2 fraction de>lected with > 𝜙

𝜌 = #
$ 𝑛𝑡𝑑

∗"[cot" ⁄𝜙% 2 − cot" ⁄𝜙" 2 ] fraction de>lected in [𝜙%, 𝜙"]

• consider a beam of L 𝛼-particles transversing a thin foil
⇒ number of particles, 𝑁(𝜙), falling into an area dA at a distance r of incidence point:

𝑁(𝜙) = 𝐿
d𝑚
d𝐴

=
𝐿 ⁄𝜋 4 𝑛𝑡𝑑∗! cot( ⁄𝜙 2) csc! ⁄𝜙 2 d𝜙

2𝜋r! sin 𝜙𝑑𝜙

=
𝐿𝑛𝑡𝑑∗!

16𝑟! sin# ⁄𝜙 2
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• number of particles per unit area, N, scattered at angle 𝜙 after 
transversing thin foil:

𝑁(𝜙) =
𝐿𝑛𝑡𝑑∗!

16𝑟! sin5 ⁄𝜙 2

⇒ proportional to

1. 1/ sin5 ⁄𝜙 2 or for small 𝜙 small: 𝜙65

2. thickness t of foil (assumed small)
3. scattered particle charge 𝑞! and central charge 𝑍𝑒 !

4. ⁄1 𝑚𝑣! !

• note: if positive charge were due to individual, “corpuscular” charges instead,
𝑁(𝜙) ∝ 𝑍𝑒!

so for gold with 𝑍~100, you would expect 100 times fewer particles at the same 
scattering angle 𝜙
⇒ the positively charged particles should have very small masses
⇒ difficult to find large scattering angles at all !

𝑑∗ =
2𝑞𝑍𝑒
𝑚𝑣!

Rutherford scattering (4): main result
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Rutherford scattering (5): change of velocity ?

• assume no radiation
• incoming particle m scatters off atom M:

– scattered partictle 𝑣⃗$ → 𝑣⃗G
– atom recoils 0 → 𝑣⃗H

• conservation of momentum and energy:

&
𝑀𝑣H != 𝑚𝑣$ ! + 𝑚𝑣G

! − 2𝑚!𝑣$𝑣G cos𝜙
𝑀𝑣H! = 𝑚𝑣$! −𝑚𝑣G!

defining 𝐾 ≡ ⁄𝑀 𝑚 and 𝜌 ≡ 𝑣G/𝑣$:

𝜌 =
𝐾! + 2 cos! 𝜙 − 1

𝐾 + 1
e.g. 𝜙 = 90° with 𝛼-particles:

𝜌 =
𝐾 − 1
𝐾 + 1

= F0.979 for Au (𝐾 = 197/4)
0.86 for Al (𝐾 = 27/4)

⇒ change in velocity smaller for larger atomic weight
and negligible for 𝜷 particles !
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• average scattering angles in Thomson model:

𝜙$=
𝜋
8
𝑑∗

𝑅
sphere, uniformely charge + 𝑍𝑒

𝜙_ =
8
5
𝑑∗

𝑍𝑅
3𝑍
2

𝑍 electrons, uniformly distributed

• average scattering angles in Rutherford model:

𝜙$=
𝟑𝜋
8
𝑑∗

𝑅
central charge of + 𝑍𝑒

𝜙_ =
8
5
𝑑∗

𝑍𝑅
3𝑍
2

𝑍 electrons, uniformly distributed

⇒ combining average scattering angles (as error propagation)

𝜙7! + 𝜙6! ≈
𝑏
2𝑅 5.54 +

15.4
𝑍

Rutherford scattering (6): effect of individual electrons

+Ze

�e

�e

�e

�e

�e

�e

�e

�e

�e

�e

+Ze�e

�e

�e

�e

�e

�e

�e

�e

�e

�e

�e

�e

⇒ effect of electrons neglible for heavy atoms:
electrons’ electric field more evenly distributed in heavy atoms (with larger Z)
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• what is the most likely way to get a large scattering angle ?
1. multiple small angle scatterings: “compound” scattering
2. one single large angle scattering
3. several large angle scatterings → probability vanishingly small !

• average scattering angle after transversing matter of thickness t:  𝜃! =
"#$∗

%
𝜋𝑛𝑡

• probabilities 𝒑 a particle gets scattered at an angle greater than 𝝓:

'
𝑝& = 𝑒' ⁄)& *'

&
by compound scattering

𝑝+ =
𝜋
4
𝑑∗-𝑛𝑡 cot- ⁄(𝜙 2) by single scattering

⇒ comparing probabilities:

𝑝I ln 𝑝J = −0.181𝜙! cot! ⁄𝜙 2 ≈ −0.72

⇒ e.g.   F 𝑝J= 0.24 if 𝑝I = 0.50
𝑝J= 0.0004 if 𝑝I = 0.10

Rutherford scattering (7): compound vs. single scattering

⇒ any scattering angle is always more probable due to one collision, and
the less likely a scattering angle, the more probable it is due to a single collision
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Rutherford scattering (8): effect of atomic weight

• assuming
𝑍𝑒 ∝ 𝐴

we know from the main result that number of scattered particles at 𝜙:
𝑁(𝜙) ∝ 𝑛𝑡𝐴!

• compare to stopping power of an 𝛼-particle in an atom (Bragg):

−
𝑑𝐸
dX ∝

1
𝐴

⇒ 𝑵 𝝓 /𝑨 ⁄𝟑 𝟐 should be constant

• previous experimental result by Geiger:

• using previous calculations and Geiger‘s results,
one finds Z ~ 100 for gold (actual value Z = 79)

Scattering of a and t3 Particles.by Matter. 681 

Metal. 

Lead . . . . . . . . . . . .  
Gold .. . . . . . . . . . .  
P la t inum ...... 
Tin .. . . . . . . . . . . . . .  
Silver .. . . . . . . . . . .  
Oopper ......... 
Iron .. . . . . . . . . . .  
Aluminium ... 

Atomic weight. 

207 
197 
195 
119 
108 
64 
56 
27 

~~ 

62 
67 
63 
34 
o7 

145  
10'9 
3"4 

z/• 

208 
212 
232 

226 
241 
225 
250 
243 

Average 233 

On the theory of single scattering, the fraction of the total 
number of a particles scattered through any given angle in 
passing through a thickness t is proportional to n.A~t, 
assuming thai the central charge is proportional to the atomic 
weight A. In the present case, the thickness of matter from 
which the scattered a particles are able to emerge and affect 
the zinc sulphide screen depends on the metal. Since Bragg 
has shown that the stopping power of an atom for an 
particle is proportional to the square root of its atomic weight, 
the value of nt for different elements is proportional'to 1] ~/A. 
In this case t represents the greatest depth from which the 
scattered a particles emerge. The number z of a particles 
scattered back from a thick layer is consequently proportional 
to A 3/~ or z[A 3/~ should be a constant. 

To compare this deduction with experiment, the relative 
values of the latter quotient are given in the last column. 
Considering the difficulty of the experiments, the agreemen~ 
between theory and experiment is reasonably good *. 

The single large scattering of a particles will obviously 
affect to some extent the shape of the Bragg ionization cur~;e 
tbr a pencil of a rays. This effect of large scattering should 
be marked when the a rays have traversed screens of metals 
of high atomic weight, but should be small for atoms of light 
atomic weight. 

(c) Geiger made a careful determination of the scattering 
of ~t particles passing through thin metal foils, by the 
scintillation method, and deduced the most probable anglo 

The effbct of change  of veloci ty  in  an a tomic  encounter  is  neglected 
in th is  calculat ion.  

_Phil. Mag. S. 6. Vol. 21. No. 125. Jfay 1911. 2 Y 
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METAL FOIL EXPERIMENTS
1913



Metal foil experiment (1913): in 3D
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612 Dr. I t .  Geiger and Mr. E.  Marsden on the Laws of 

of different thicknesses of metal foils is shown diagram- 
matically in fig. 3. I t  consists essentially of a source of 
a radiation R, a diaphragm D, a scattering foil F,  and a zinc- 
sulphide screen Z oll which the scattered a particles were 
observed. The main part of the apparatus was enclosed in 
a cylindrica~ brass ring A, the ends of which were planed so 
that they could be closed airtight by the two glass plates 
B and C. The depth of the ring was 3"5 cm., and i ts  
internal and external diameters 5"5 and 7"5 cm. respectively. 
Two holes were drilled through the glass plate B, one in the 
centre and the .other 1"65 cm. excentric. The source of  
radiation R was placed directly against a sheet of mic~ 
which was waxed over and closed the opening E. By  
placing the source outside the apparatus, any small amount 
of emanation associated with it was prevented from enterin~ 
the chamber and disturbing the measurements. 

Fig. 3. 

1 
M ~ - - ~ U  p S z! 

By means of the diaphr:~gm D a narrow pencil of a par-- 
ticles could be directed ou to the scattering foil. The 
different foils were attached to the disk S and covered five of 
six holes drilled through it at equal distances from its centre. 
The uncovered opening was used to determine the natural 
effect. The disk could be fitted on to the rod P, which was 
fastened to the ground-glass joint M so that it could be 
rotated and the different foils brought in front of the 
diaphragm. The scattered a particles were observed by 
means of a microscope on the zinc-sulphide screen Z fixed 
inside the glass plate. 

Metal foil experiment (1913)

1913 Geiger-Marsden experiment: test Rutherford’s predictions !
1. vary scattering angle 1/ sinD ⁄𝜙 2 up to 150°
2. vary foil thickness
3. vary atomic mass
4. vary 𝛼’s velocity
5. measure angular distribution

⇒ all in accordance with Rutherford‘s “nuclear” model !

• rotatable metal box (B)
• tube (T)
• radium source (R)
• diaphragm (D)
• metal foil (F)
• phosphorescent screen (S)
• microscope (M)
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Metal foil experiment (1913): results

De)fexion of a Particles through Large Angles. 609 

measurements were made simultaneously with different foils. 
These foils were attached to frames which fitted into a slot 
in the tube T in such a way that they could be exchanged 
and accurately replaced in position. Table I. gives an 
example of a particular set of countings, when a silver foil 
was used to scatter the a particles. 

TABLE L--Variation of Scattering with Angle. (Example 
of a set of measurements.) Silver Foil. Time elapsed 
since filling of emanation tube, 51 hours. Correction 
for decay, 0"683. 

Angle 

Scintillations per minute. 

Wi thout  Wi th  
foil. foil. 

15~... 0"2 4"95 
135 .. 2"6 8"3 
120... 3"8 10"3 
105... 0'6 10"6 

75... 0'0 28'6 
60... 0'3 69"2 

Corrected Gorrected 
for effect 
without for decay, 

foil. :~" 

4"75 6"95 
5'7 8"35 
6"5 9"5 

10'0 14"6 
28'6 41 '9 
68"9 101 

1 N X sin 4 9/2. 
sin ~ 9/2" 

1'15 6'0 
1'38 6'1 
1"79 5'3 
2"53 5'8 
7"25 5 8  

16"0 6'3 

In this set about 2500 scintillations were counted. After 
a fe~v days had elapsed the measurements for the smaller 
angles were repeated and the range of angles extended. 
Proceeding in this way the whole range of angles was in- 
vestigated in the course of a few weeks. When measuring 
relatively large angles of deflexion a wide beam of about 
15 ~ radius had to be used in order to obtain a suitable number 
of scintillations, but for the smaller angles the aperture of 
the diaphragm confining the beam was reduced considerably, 
so that the angle at which the scintillations were counted was 
always large compared with the angular radius of the beam. 
When changing over from one diaphragm to another com- 
parative measurements for different angles were made so as 
to obtain an accurate value of the reduction constant. 

Table II.  gives the collected results for two series of ex- 
periments with foils of silver and gold. The thicknesses of 
the foils were in the first series equivalent to 0"45 and 0"3 
cm. air, and in the second series 0"45 and 0"1 cm. air for 
silver and gold respectively. Col. I. gives the values of the 
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.Deflexion of a Particles through Large Angles. 
TABLE I I I .  

Gold.- -Varia t ion of Scattering with Thickness. 

615 

I .  

Number of 
Foils. 

II. 

Air equivalent. 
T in cm. 

0"11 
0"22 
0"5t 
0"81 
0'90 

III. 
Number N of 

scintillations per 
minute. 

21 "9 
38"4 
84"3 

121 '5 
145 

IV. 

Ratio N y .  

200 
175 
165 
150 
160 

Similar experiments were carrried out with foils of tin, 
silver, copper, and aluminium. In  each set about 1000 
scintillations were counted. The results are plotted in fig. 5, 
where the abscissae represent the thickness of the scattering 
foil expressed in centimetres of air equivalent and the 
ordinates the number of scattered particles. Similar cor- 
rections to the above have been introduced in each case. 

Fig. 5. 
4O 

/I / 
q 

, }/ 
I e /  

0-@ 

..... 
f 

O'8 Z b'G 
i~iR EQUIVRZEIVT OFFOIL,~. 

/ 
o 

2 ' 0  

For  all the metals examined the points lie on straight lines 
which pass through the origin. The experiments therefore 
prove that for small thicknesses of matter  the scattering is 
proportional to the thickness. I f  there is any appreciable 

Variation of Scattering with
Thickness for Different Atomic 
Weights

Deflexion era Particles through Large Angles. 617 
TXnLE IV. 

Variation of Scattering with Atomic Weight. (Example of 
a set of measurements.) 

I. 

Substance. 

Gold ......... 
Tin ............ 
Silver ........ 
Copper ..... 
kluminium.. 

II.  

Atomic 
weight. 

A. 

197 
119 
107"9 
63"6 
27"1 

III .  

Air 
eqtdvalent 

in cm. 

"229 
"441 
"262 
"616 

2'05 

IV. 
Number of 

scintillations 
per minute 

corrected for 
decay. 

133 
119 
51'7 
71 
71 

V. 

Number N of 
scintillations 
per cm. air 
equivalent. 

581 
270 
198 
115 
34"6 

u 

A3'~ 

2770 
1300 
112o 
5O7 
141 

VII. 

N X A ~/~. 

0"21 
0"21 
0"18 
0'23 
0"24 

The combined results of four experiments are given in 
Table V. In the last column are given the ratios of the 
nmnbers of scintillations per centimetre equivalen~ to A ~/~. 
This ratio should be constant according to theory. The 
experimental values show a slight increase with decreasing 
atomic weight. 

TABLE V .  

V a r i a t i o n  o f  S c a t t e r i n g  w i t h  A t o m i c  W e i g h t .  ( C o l l e c t e d  
r e s u l t s  u s i n g  R a  C.)  

Substance. 

Gold .. . . . . . . . . . . . . .  
Platinum .......... 
Tin .. . . . . . . . . . . . . . . . .  
Silver .... . . . . . . . . . . .  
Copper ............ i 
Aluminium ...... 

Total number 
of scintillations 
counted tor each 

material 9 
4̀̀ 3/2 . 

850 
200 
700 
800 
600 
700 

2770 
2730 
1300 
1120 
507 
144 

Ratio of 
scintillations per 
cm. air equivalent 

to .4. 312 ~. 

95 
99 
96 
98 

104 
110 

* N o t e  1.--Since these ~xperiments were carried oat, Richardson and 
one of us (Phil. Meg. vol. xxv. v. 184 (1913)) have determinedthe masses 
per unit area per  cm. air equivalent for different metals~ using the scintil- 
lation method. Introducing the results, and calculating the values of 
the ratio of the scatterin~ ~er atom divided by A 2, the following are 
~btamed : - - A u  3"4, P t  3 9 ~n 3"3, Ag 3"6, Gu 3"7, A1 3'6. These 
numbers show better agreement than those in the last column above~ 
which are calculated on the assumption of Bragg's law. 
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thickness in comparison with metal foils. The micas were 
attached to a cardboard disk which could be rotated to bring 
the different sheets successively in position. The a particles 
were scattered by a foil of gold or silver, of stopping power 
about 3 ram. of air, which was attached to a rod passing 
through the ground glass N. This made it possible to turit 
the foil away from the main beam during an experiment in 
order to test the natural effect. The disk S, in this case, 
rotated in a plane very close to the glass plate C and carried 
sheets of mica of different thicknesses. By rotating the 
ground-glass joint the micas could be placed directly in 
front of the zinc-sulphide screen, making it possible to test 
the homogeneity of the a particles after they had been 
scattered. 

The results are given in Table VI I .  Column I. gives the 
number of mica sheets which were interposed in addition to 
the mica window, and column II .  the ranges of the a particles 
incident on the scattering foil. The values of the velocities v 
were calculated from these ranges R by use of the formula 
v3=aR previously found by one of us *. The relative values 

TABLE VII .  

Variation of Scat ter ing with Velocit  T. 

Number of 
sheets of 
mica. 

0 
1 
2 
3 
4 
5 
6 

II. 
Range R of 
a particles 

after leaving 
mica. 

5"5 
4"76 
4"05 
3"32 
2"51 
1 "84 
1 '04 

IIL 

Relative 
values of 

1/v'. 

1"0 
1"21 
1 "50 
1"91 
2"84 
4"32 
9"22 

IV. 
Number N of 
scintillations 
per minute. 

24"7 
29'0 
33"4 
4i 
81 

101 
255 

V. 

Nv~. 

25 
24 
22 
23 
28 
23 
28 

of 1/v 4 are given in column I I [ .  The number of scintillations 
per ' m i n u t e ~  are entered in column IV., and in column V. 
relative values of ~q x v 4 are given. Over the range examined 
the nmnber  of scintillations varies in the ratio 1 : 10, while 
it  will be seen that the product lqv ~ remains sensibly 
constant. Several experiments were made, and in every case 

H. Geiger~ l~oy. Soc. Prec. A. vol. lxxxiii, p. 506 (1910). 

26



Metal foil experiment (1913): summary

ff3eflexion of a _Particles through Large Angles. 623 
atoms, bu~ probably also by the electronic charges distributed 
throughout the remainder of their volumes. 

Summark,. 
The experiments described in the foregoing paper were 

carried out to test a theory of the atom proposed by Prof.  
Rutherford, the main feature of which is that there exists 
at the centre of the atom an intense highly concentrated 
electrical charge. The verification is based on the laws of 
scattering which were deduced from this theory. The 
following relations have been verified experimentally : - -  

(1) The number of a particles emerging fi'mn a scattering 
foil at an angle ~b with the original beam varies as 1/sin 44)/2, 
when the a particles are counted on a definite area at a con- 
stant distance from the foil. This relation has been tested 
tr angles varying from 5 ~ to 150 ~ and over this range the 
~mmber of a particles varied from 1 to 250,000 in good 
agreement with the theory. 

(2) The number of a particles scattered in a definite 
direction is directly proportional to the thickness of tile 
scattering foil for small thicknesses. For  larger thicknesses 
the decrease of velocity of the a particles in the foil causes a 
somewhat more rapid increase in the amount of scattering. 

(3) The scattering per atom of foils of different materials 
varies approximately as the square of the atomic weight. 
Tiffs relation was tested for foils of atomic weight from that 
of carbon to that of gold. 

(4) The amount of scattering by a given foil is approxi- 
mately proportional to the inverse fourth power of the 
velocity of the incident a particles. This relation was tested 
over a range of velocities such that the number of scattered 
particles varied as 1 : 10. 

(5) Quantitative experiments show that the fraction of 
a particles of Ra C, which is scattered through an angle of 
45 ~ by a gold foil of 1 mm. air equivalent (2"1• 10 -~ cm.), 
is 3"7 • 10 -7 when the scattered particles are counted on a 
screen of 1 sq  mm. area placed at a distance of i cm. from 
the scattering foil. From this figure and the foregoing 
results, it  can be calculated that the number of elementary 
charges composing the centre of the atom is equal to half the 
atomic weight. 

We are indebted to Prof. Rutherford for his kind interest 
in these experiments, and for placing at our disposal the 
large quantities of radimn emanation necessary. We are 

~ r " - Y  " also indebted to the Government G~ant Committee of the 
Royal Society for a grant to one of us, out of which part of 
the expenses has been paid. 
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Rutherford scattering as a cross section
d�(⌦) =

number of particles scattered per unit time into d⌦

beam flux
= |bdbd�|

) d�

d⌦
=

����
b

sin ✓

db

d✓

����

• Rutherford scattering: elastic scattering by charge q1
off stationary charge q2:

note: total cross section 𝜎 will be infinitive !

• relativistic version (recoil still neglected):
Mott scattering

• e-p+ → e-p+, taking into account recoil and proton’s 
substructure with form factors:

Rosenbluth formula

b =
q1q2
2E

cot(✓/2)

) d�

d⌦
=

✓
q1q2

4E sin2(✓/2)

◆2

d⌦ = | sin ✓d✓d�|
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Deep inelastic scattering
• collide 𝛼-particles or electrons into protons until it breaks to probe 

its substructure

Eisberg, R. M. and Porter, C. E., Rev. Mod. Phys. 33, 190 (1961)
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Deep inelastic scattering - detectors
• 1968, SLAC

– e– on fixed target of H atoms

• 1992, DESY:
– HERA collider:

27.5 GeV e± on  902 GeV p+
– ZEUS and H1 detector
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ELASTIC ELECTRON-PROTON SCATTERING AT LARGE. . .

standard deviations from the results showing a
violation of form-factor scaling. By substituting
Eq. (8) into Eq. (2), we have

dg da GMpq' ' 1+ p T+27P2tan218

as angular distributions mere not taken at each q'
value, it was not possible to check the validity of
Eq. (8). In this paper the correctness of form-
factor scaling will not be analyzed further.

which is the relation used in the present study to
extract values of G„~(q'). The superscript S de-
notes that G» is derived under the assumption of
form-factor scaling.
Hofstadter and his collaborators" found em-

pirically that the form factors could be simply ex-
pressed by a relation which is now referred to as
the "dipole" formula:

GD ( 2) GNd(q )
gp q

dipole

1
(1+q'/0. 71)' ' (10)

where q' has the units of (GeV/c)'. This relation-
ship incorporates the form-factor scaling rule.
Although the existing data show statistically sig-
nificant deviations from Eq. (10), it remains a
useful approximation of the form factors over a
wide range of q'.
Most of the data of the present experiment were

taken for q' values larger than 4 (GeV/c)', but,

II. THE EXPERIMENTAL EQUIPMENT

A. Brief Description

The data which we report were taken over a
period of about two years at the Stanford Linear
Accelerator Center (SLAC) by a collaboration of
physicists from the Massachusetts Institute of
Technology, California Institute of Technology,
and SLAC. Views of the experimental arrange-
ment are given in Fig. 1. The electron beam from
the linear accelerator passed through a liquid-hy-
drogen target, and the scattered particles were
analyzed with the SLAC 8-GeV/c magnetic spec-
trometer. The total charge incident upon the tar-
get in each run mas measured by secondary-emis-
sion monitors (SEM) and a toroid induction moni-
tor. These monitors were regularly intercali-
brated using a Faraday cup. Particles which had
passed through the spectrometer were detected
by a system of scintillation counter hodoscopes,
dE/dx counters, and a total absorption shower
counter. The scintillation counters through which
a particle passed were identified in the electronics
by a coincidence technique which set flip-flops in
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FIG. 1. Side and top views of the experimental arrangement in end station A. Details of the components are described
in the text.
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